Abstract: ICT has already revolutionized content creation and communications. In principle, today, everybody with Internet access, the right skills and equipment can produce digital content composed of virtual "bits" and make it instantly available across the globe. The same is now happening to manufacturing for everyone with access to tools like 3D printers. This inter-changeability of bits and atoms is being called the maker movement, which started as a community-based, socially-driven bottom-up movement but is today also impacting mainstream manufacturing through increased efficiencies, distributed local production and the circular economy. The maker movement thus has significant promise for increasing social, economic and environmental sustainability, but is it currently living up to this potential? This paper reports on work undertaken by the European-funded MAKE-IT project has examined this question through detailed qualitative and quantitative empirical research, including ten in-depth case studies across Europe and a detailed examination of 42 maker initiatives at Europe's foremost city-based maker faire, supplemented by extensive secondary research. Despite the maker movement's short history, the overall results provide sound evidence of its important though variable contribution to sustainability thus far. In addition, there is a strong gender dimension showing that females are underrepresented both as users and leaders of maker initiatives, whilst female leaders tend to achieve much higher sustainability impacts than their male counterparts. There is also clear evidence that maker initiatives in close collaboration with each other and other actors in city-and region-wide ecosystems are much more successful in achieving sustainability impacts than others.
Introduction
This objective of this paper is to examine the question of whether the maker movement is living up to its purported potential to contribute to increasing social, economic and environmental sustainability.
The Context
The maker movement is a rapidly expanding field with innumerable perspectives, interpretations and definitions. It is part of a major transformation in manufacturing towards distributed digital fabrication that potentially marks a decisive shift away from a society reliant on by mass production
The maker movement is a rapidly expanding field with innumerable perspectives, interpretations and definitions. It is part of a major transformation in manufacturing towards distributed digital fabrication that potentially marks a decisive shift away from a society reliant on by mass production and consumption towards a society also characterized by 'mass customization'. Information and Communication Technology (ICT) has already revolutionized content creation and communications and has now become the general purpose technology underpinning all other technologies. In principle, today, everybody with Internet access, the right skills and equipment can produce digital content composed of virtual 'bits' and make it instantly available across the globe. The same is now happening to the fabrication of physical objects for everyone with access to tools like 3D printers. This inter-changeability of bits and atoms is being called the maker movement, which started as a community-based, socially-driven bottom-up movement but is today also impacting mainstream manufacturing through increased efficiencies, distributed local production and the circular economy.
In principle, digital fabrication allows every organization and every individual to customize the products and services they consume. It is claimed that this new business model cuts waste and enables manufacturers to restructure supply chains and completely reorganize their businesses and operations [1] [2] [3] [4] . Localised bespoke production becomes possible attuned to specific user requirements, in a step away from consumerism and towards 'pro-sumerism', thereby also reducing environmental impacts because products can be produced close to where they are needed using largely re-cycled local waste materials as feedstock. Unusually for a manufacturing innovation, momentum started at the bottom, pioneered by non-profit makers who hack products and designs in addition to software. This also has significant social impacts such as spawning new skills and jobs and supporting community cohesion and promoting greater personal satisfaction, for example through the Fab Lab network (https://www.fablabs.io/labs/map). This blurs the relationships between producer, supplier and consumer, and also has profound implications for supply chains as well as for the organization and content of work, which will in turn have impacts on governance, regulation, education and social security. It is also claimed that the movement reflects cultural shifts enabling people to 'reconnect hand with brain' and to 'get their hands dirty again' [5] , thereby providing sustainability benefits across the social, environmental and economic spectrums.
Defining the Maker Movement
The maker movement is a rapidly expanding field with innumerable perspectives, interpretations and definitions. In the specific context of the MAKE-IT project (2016) (2017) , the definition of the maker movement focuses on the overlap between four main fields of activity ( Figure 1 ). 
Digital Fabrication
Digital fabrication provides the technological underpinning of the Maker movement. Digital modeling and fabrication is a process that unifies design with production through the use of 3D Sustainability 2018, 10, 2212 3 of 29 modeling software or computer-aided design (CAD) and additive and subtractive manufacturing processes. 3D printing is a type of additive fabrication, whilst machining is a type of subtractive fabrication. The initial focus on simple 3D printers has now progressed to an awareness that the real maker revolution comes when these tools are combined with laser cutters, precision mills, large and small format mills, actuators, sensors, as well as digital assemblers and re-assemblers. These use various combinations of feed-stocks, including biological materials as well as pulverized, sintered or melted plastic, rubber, metal, glass, wood, ceramics, paper, etc., much of which is very inexpensive and sourced locally [1, 3] .
Tools and materials like these used together give makers at any scale and size a whole suite of capabilities for additive and subtractive manufacturing. They are being installed and used, not just in industry and research labs, but in many communities by Small and Medium Sized-Enterprises (SMEs), start-ups, civil organizations and even individuals. As in the ICT revolution over the last twenty years, their costs are tumbling fast and their quality and ease of use are dramatically improving [2] , and just like its digital predecessor that saw disruption driven by personal computers and co-creation online, much of the energy and innovation of the digital fabrication revolution is being driven from the bottom. Thus with suitable feed-stocks, digital fabrication tools allow designers to produce both inert and bio-material objects from a digital source, as well as convert a material object back to digital format in a two-way process which can be shared both online and in situ. In this light, the new world of digital fabrication is indeed a cornerstone of the emerging so-called fourth industrial revolution [6, 7] .
Community Awareness Platforms (CAPs)
Communities such as the makers are building and exploiting communication infrastructures for collaboration, sharing and learning purposes. CAPs is the European Commission's initiative for designing and piloting online platforms that create awareness of sustainability problems and offer collaborative solutions (https://capssi.eu). These are based on networks (for example of people, ideas and sensors), thereby enabling new forms of social innovation that aim to support behavioral change, reputational processes and self-regulation to the maximum degree so that these are trustable and effective. These can express themselves, for example, in new lifestyles and in consumption and production patterns, and give power not only to for-profit platforms but also to those which have, at least in part, non-commercial objectives. CAPs use ICT tools and networks for supporting and propelling new forms of sustainability and social innovation. This is done through a people-centric approach that aims to actively involve citizens in creating multi-dimensional communities at the grassroots, whilst at the same time linking into wider social, economic, environmental and democratic systems [8] .
CAPs are described as mobilizing the network effect of collective intelligence for the public good, where this is seen as expressing itself through such phenomena as crowdsourcing and connective communities, and is often the result of forms of bottom-up and self-organization [9] . In this context, the concept of CAPs has arisen from three trends, each of which can harness and deploy different forms of collective intelligence, and lead to better policies and actions in tackling the many societal challenges we are facing. All three can lead to what is termed "hyper-connected humanity", the ultimate goal being to foster a more sustainable future based on a low-carbon, beyond-GDP economy, and a resilient, cooperative democratic community: first, social networking; second, direct contact with the environment through the Internet of Things; and third, the collaborative production of knowledge, like Wikipedia [9] . A fourth major trend can now be added to this repertoire, i.e., not only the collaborative production of knowledge and other forms of intangible content, but also the collaborative production and consumption of tangible forms of physical objects, as currently being realized by the burgeoning maker movement. The tradition of craft production is the process of manufacturing by hand with or without the aid of advanced or power tools. In parallel with this, do-it-yourself presents gateway opportunities for the un-skilled or novice to build, modify or repair something without the direct aid of experts or professionals. Both can also express themselves by developing an ethos of self-help, learning and competence building, often in shared and collaborative spaces like libraries, repair cafés, schools, universities and other common, shared or public spaces. Such spaces are often aimed at specific target groups, such as those who are marginalized or vulnerable in some way, and support hands-on experiences and development and production of creative ideas. Many become "constructionist learning environments" for building "social-emotional competences" with strong social-political potential, social capital and social inclusion [10] .
According to Charney [5] , the idea of "making" is more important than seeing people primarily as "makers", given that making is taking place as just one activity intimately mixed/bundled with other activities. This emphasizes the notion that the maker movement is not a discrete, separate phenomenon but instead points to a broader "making culture" reflecting the burgeoning desire amongst many people to move on from a purely consumerist society to start again "getting their hands dirty". This means there is a need to think less about promoting and supporting a discrete separate "maker culture", and more about a broad and integrative "making culture". Thus, it is important to move away from only seeing making as an instrumental activity for people to make their own products with the focus largely on the technology, towards also supporting a more widespread change of people wishing to "reconnect hand and brain". In practice this also means, for example, not establishing making only as a separate activity in separate maker spaces, but ensuring making is an integral part of the wider range of activities in many institutions and premises, such as libraries, educational institutes, shopping centers, repair shops, community facilities of all kinds, etc. Thus, maker spaces in this context focus on encouraging "trying", "doing", "creating spontaneously", "enjoying" and "having fun" [5] . The very essence of maker spaces lies in creativity, informality, doing things without pressure and a "try-and-fail-and-try-again" approach. In this way there is often an ethical and inclusive imperative in making things, nurtured through capacity building and empowerment, exploration, experimentation, fun and the absence of pressure to excel, coupled with sharing and gaining new knowledge [10, 11] .
The Creative Industries
Arising from the craft and do-it-yourself cultures but distinct from these, many makers are today overlapping and working with the so-called creative industries as creative, arts and culture-based economic activities. These constitute a range of commercial activities which are concerned with the generation and exploitation of knowledge derived from, for example, architecture, art, cultural heritage, crafts, design, fashion, film, music, the performing arts, publishing, research and development (R & D), software, toys and games, TV and radio and video games. ICT tools are playing a significant role in boosting these industries as they enable, often for the first time, any actor to collect, preserve, organize and distribute creative and cultural content, ranging from languages to historical artifacts. Makers are providing much of the new physical and digital inputs to these industries, many of which are still small scale, often recently established as start-ups, social entrepreneurs or SMEs, but also increasingly working with and becoming larger enterprises, both internationally as well as locally.
The creative industries employed 11.4 million people in the European Union (EU) in 2015, accounting for 5% of the workforce, and this number is rising fast. They are characterized by higher than average levels of life satisfaction and wellbeing, with the largest number of jobs being ICT-related: "computer consultancy and programming activities" [12] . Creativity is also inversely related to computerizability: 87% of highly creative workers are at low or no risk of full automation, compared to 40% of jobs in the UK workforce as a whole. Such findings reflect the fact that machines can most successfully emulate humans when a problem is well specified in advance-that is, when performance can be straightforwardly quantified and evaluated-and when the work task environment is sufficiently simple to enable autonomous control. Machines struggle when tasks are highly interpretive, geared at products whose final form is not fully specified in advance and when work task environments are complex-a good description of most creative as well as maker occupations [13] .
Materials and Methods
An overview of the methods and materials deployed for mapping and analyzing the maker movement in Europe is provided in Figure 2 . This sketches how the overall analytical framework interacts with two main research instruments. The former consists of three analytical pillars: (1) organization and governance; (2) collaborative behaviors and (3) sustainability impact examining social, economic and environmental sustainability. The framework provides a common template for guiding the two research instruments: qualitative in-depth case studies, and a quali-quantitative survey. More details are given below.
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Three Analytical Pillars
The analytical framework consists of three analytical pillars for examining individual maker initiatives and making comparisons between them: (i) how maker communities are organised and governed; (ii) what maker participants do and how they behave through peer and collaborative activities; and (iii) the various ways maker initiatives impact on, and add value to, society with particular reference to their sustainability impacts. (See Figure 3) . The three pillars are ambitious in scope, and have also been shown in the project to be theoretically sound as well as highly robust empirically when examining both the internal features and the external relations and interactions of maker initiatives. Additionally, they are able to guide the examination of secondary evidence from the academic and grey literature in support of empirical analysis. As illustrated in Figure 3 , the three pillars are designed to provide a comprehensive but also simple set of insights which show both the 'means' by which maker initiatives operate and the 'ends' such 'means' produce.
Organization and Governance
Pillar 1 examines how maker communities are organised and governed, including strategies and financing, supply chains, management of knowledge and innovation, the institutional environment as well as gender issues and social responsibility. Pillar 1 looks at the ways that maker communities using CAPs are organised both internally and externally, the legal and regulatory frameworks that promote or retard them, their IPR (Intellectual Property Right) implications, 
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Organization and Governance
Pillar 1 examines how maker communities are organised and governed, including strategies and financing, supply chains, management of knowledge and innovation, the institutional environment as well as gender issues and social responsibility. Pillar 1 looks at the ways that maker communities using CAPs are organised both internally and externally, the legal and regulatory frameworks that promote or retard them, their IPR (Intellectual Property Right) implications, security, safety and privacy issues, and the interfaces they have with their institutional and policy environments which include social, economic, environmental and technological systems. 
Peer and Collaborative Behaviors
Pillar 2 examines what maker participants do and how they behave, including the processes of social engagement and social influence, ethical issues, participation, collaboration, learning, sharing, community forming and inclusive approaches. Pillar 2 looks at the mechanisms and activities, including generating awareness and leveraging peer pressure. It examines what drives people's behaviors to take-up maker activity and/or establish or join a maker community, and how this supports better lifestyles through behavioral and system change. These activities and behaviors include learning, sharing, collaborating and realizing new forms of production, including social, economic, environmental and technological issues.
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Value Creation and Impact
Pillar 3 examines the various ways interactions between pillars 1 and 2 impact on and add value to society: social, economic, environmental and hybrid value and impacts, with a strong focus on sustainability issues. Pillar 3 looks at the ways and extent to which maker communities create and capture such value and sustainability impacts, including through new forms of local, bottom-up business-, social-and sustainable-models, transversing between non-monetized and monetized accounting frameworks as well as different impact assessment methods. Local, national and global development and sustainability issues are examined. An historical perspective is also adopted, for example in analyzing the maker movement's trajectory in the 21st century as compared to the late 20th century development of personal computing and other technology innovations. This should also be seen in the context of today's industry increasingly moving away from centralized mass production and consumption towards decentralization and the mass customization of production and consumption.
Two Research Instruments
Using the analytical framework, two main research instruments were deployed, partially derived from the literature cited above plus widespread consultation. 
Value Creation and Impact
Two Research Instruments
Using the analytical framework, two main research instruments were deployed, partially derived from the literature cited above plus widespread consultation. Ten in-depth qualitative case studies from across Europe were undertaken, based both on background desk research on each case plus a set of structured open questions for interviewing and analysis. A minimum of four interviews per case was undertaken, i.e., the leader and three users. The cases were selected to reflect the range of types and configurations of maker activities in Europe along two dimensions as shown in Figure 4: 1.
The vertical y axis (marked in yellow) shows the scale and interaction dimension of maker initiatives. This ranges from "situational awareness" where maker initiatives tend to be relatively isolated, unconnected and focused mainly on specific or local areas, to "distributed awareness" where maker initiatives tend to be strongly networked, interconnected and collaborative over typically large and extensive areas. A number of positions were hypothesized along this dimension each of which was substantiated by the evidence subsequently collected. These were: (a) single/individual makers; (b) makers with a limited set of regular partners; (c) medium-scale communities of makers and their users; (d) maker ecosystems of interacting, diverse but complementary makers including other relevant actors; and (e) maker networks which tend to be very large scale, often national or international in extent, consisting of maker relationships built on common needs and interests, for example for mutual learning.
2.
The horizontal of x axis (marked in blue) shows the social innovation dimension derived from BEPA [14] and as described by Hochgerner [15] and Millard et al. [16] . This shows three types of social innovation.: (a) social demand as the narrowest view of social innovation outcomes focused on tackling problems in specific, possibly disparate, parts of society on a one-by-one, perhaps even piecemeal, basis; (b) societal challenge innovation at the boundary where the social, the economic and the environmental become blurred, as all actors can be involved, that are directed towards outcomes across society as a whole, and where an important focus is on the relationships between actors and outcomes; and (c) systemic change innovations that contribute, often together and cumulatively, to the reform of underlying structures, relationships and governance in society This second research instrument supplements the first by using a common set of open qualitative questions, plus 7-point Likert scale propositions for completion during conversations between a maker initiative and an independent expert. This scale ranges from completely disagree with a given statement (for example "has the initiative improved human capital, such as skills and competences"), through mainly and then partially disagree, neither disagree nor agree, then to partially, mainly and completely agree. A "not applicable" option was also available. The Likert questions rely on self-evaluation, but the results were validated during the conversation between the respondent and the independent expert so that the latter could request justification and evidence for the score proposed to ensure as much objective accuracy as possible. The Likert scores, being both negative as well as positive in relation to the proposition, were summed and standardized across all answers based on these negative and positive weights, to provide generalized findings across the sample population or selected segments of it for comparison purposes. A "relevance" score was also derived for each proposition, calculated by deducting the percentage of interviewees stating that a particular question was "not applicable" from 100%.
Applying the Research Instruments to the Analytical Framework
The second instrument provides data on the types and leadership of maker initiatives, the technology used, their ambitions and their actual achievements across the three analytical pillars. The first instrument complements these largely "what" data with more detailed information on "how" and "why" the reported results might have been achieved. For example, the second instrument indicates gender gaps and differences, which is confirmed by the first instrument adding some qualitative understanding, e.g., the "genderization" of tasks and objects in the maker space, differences in the use of technology, etc. [17] .
The survey questionnaire was used to undertake structured interviews with a sample of 42 maker initiatives present at the Barcelona Maker Faire, 16-18 June 2017, out of 82 registered as present. Given that the initiatives were organized according to their main purpose and focus across the floor of the exhibition space, every second initiative was interviewed, thereby ensuring a representative sample. The Faire consisted of a highly diverse set of exhibitors drawn from across Barcelona and Catalonia in north-east Spain. European experts on the MAKE-IT team conducted the interviews and validated that the Barcelona maker scene is quite typical of other large cities across Europe.
When using the survey instrument in Barcelona, only one person was interviewed in most cases, although they were requested to speak on behalf of the initiative as a whole and not their own personal position or interests. Gender and age were, as far as possible, recorded referring to the main leader and/or practitioner rather than the manager/administrator or interviewee, if different. In most cases, the actual leader was interviewed as the faire was considered important enough that they should be present in person. The dataset has the potential for many more analyses, for example looking for comparisons and correlations between different variables. There are, as always, issues about the representativeness and validity of these data. However, the results from the two different sources do tend to corroborate each other in areas where there is overlap, and much care has been taken in data collection and preparation. All data and instruments are available on the MAKE-IT website in open format to support ongoing research (http://make-it.io/open-data-api/).
Both instruments went through various iterations of development, piloting and testing, and are best deployed together and alongside desk research as well as by making comparisons with other Sustainability 2018, 10, 2212 9 of 29 studies. The result provides a "quali-quantitative" analysis of the maker movement in Europe, anno 2017, the first of its kind to the authors' knowledge that includes a quantitative analysis of maker initiatives based on a reasonably sized sample. Given lack of space, only some headline results are presented in Section 3 below, plus cross-comparisons with gender and scale variables, particularly drawing out some sustainability issues.
Results
This section presents and interprets some of the findings of MAKE-IT's research using the analytical framework and research instruments described above.
Gender and Age of Maker Leaders
It is clear from Figure 5 that most maker initiatives are led by young males and that this is quite similar to the situation seen in the majority of technology-based start-ups and new enterprises. Female leaders constitute only 26% of all maker leaders in the Barcelona sample. These gender and age distributions are also in line with the results of the ten MAKE-IT case studies from across Europe, i.e., the majority of maker managers are male (9 out of10), while the gender ratio among users varies from 80:20 to 60:40, and most are relatively young, between 20 and 40 years of age. Again, this gives some confidence that the samples reflects maker initiatives more widely. initiatives based on a reasonably sized sample. Given lack of space, only some headline results are presented in Section 3 below, plus cross-comparisons with gender and scale variables, particularly drawing out some sustainability issues.
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It is clear from Figure 5 that most maker initiatives are led by young males and that this is quite similar to the situation seen in the majority of technology-based start-ups and new enterprises. Female leaders constitute only 26% of all maker leaders in the Barcelona sample. These gender and age distributions are also in line with the results of the ten MAKE-IT case studies from across Europe, i.e., the majority of maker managers are male (9 out of10), while the gender ratio among users varies from 80:20 to 60:40, and most are relatively young, between 20 and 40 years of age. Again, this gives some confidence that the samples reflects maker initiatives more widely. 
Scale and Interaction of Maker Initiatives
Based on the five scales that individual maker initiatives operate at, as described above, Figure  6 indicates that there is a good spread of maker scales, ranging from single initiatives that are more or less operating without significant interaction with other actors (which is the least common scale), up to makers operating in networks (the second least common). The overall distribution of makers in the sample starts to resemble a normal curve indicating that, at least on this characteristic, the sample seems to be relatively representative of makers generally. This is useful corroboration that this deductively derived scale range seems also to have relevance in practice. It is also clear from the second graph in Figure 6 that males and females are operating at quite different scales. Females are much more likely to work at the two extremes of the scale range, i.e., at the larger scales of ecosystems and networks and the smaller scale of singles, although they are also quite well represented in communities. 
Based on the five scales that individual maker initiatives operate at, as described above, Figure 6 indicates that there is a good spread of maker scales, ranging from single initiatives that are more or less operating without significant interaction with other actors (which is the least common scale), up to makers operating in networks (the second least common). The overall distribution of makers in the sample starts to resemble a normal curve indicating that, at least on this characteristic, the sample seems to be relatively representative of makers generally. This is useful corroboration that this deductively derived scale range seems also to have relevance in practice. It is also clear from the second graph in Figure 6 that males and females are operating at quite different scales. Females are much more likely to work at the two extremes of the scale range, i.e., at the larger scales of ecosystems and networks and the smaller scale of singles, although they are also quite well represented in communities.
The case studies also demonstrate gender differences, including that female makers tend to work on different tasks "Woman make bio stuff; men make 3D prints" (maker manager, Germany) and on different projects and machines (while 3D printers are mostly used by men, plotters are more likely to be used by females). There is no equal participation of male and female makers in the cases and many interviewees lack female role models: "I do think that by having the Fab Lab attended by a girl, it makes other women interested in coming to the Fab Lab too" (maker manager, Denmark). This aligns with Kanter's theory of homo-social reproduction according to which people are more likely to find their ways into social environments if people with similar interests are already participating [18] . Role models are needed not only on a management level but also among facilitators in the maker space: "The problem is that if it's a man who is teaching, he would say it in one way, and a girl would say it in another way. They have role models, so if it is a woman saying it, it is great to look up to her and who she is. It really depends on who is standing there" (maker, Denmark). Interviewing maker managers, however, also had an impact on their reflection of male dominated cultures: "The visibility of women we never thought of, now it's on our minds. For some time now we have started thinking in these terms-how many girls we have, etc." (maker leader, Spain). The case studies also demonstrate gender differences, including that female makers tend to work on different tasks "Woman make bio stuff; men make 3D prints" (maker manager, Germany) and on different projects and machines (while 3D printers are mostly used by men, plotters are more likely to be used by females). There is no equal participation of male and female makers in the cases and many interviewees lack female role models: "I do think that by having the Fab Lab attended by a girl, it makes other women interested in coming to the Fab Lab too" (maker manager, Denmark). This aligns with Kanter's theory of homo-social reproduction according to which people are more likely to find their ways into social environments if people with similar interests are already participating [18] . Role models are needed not only on a management level but also among facilitators in the maker space: "The problem is that if it's a man who is teaching, he would say it in one way, and a girl would say it in another way. They have role models, so if it is a woman saying it, it is great to look up to her and who she is. It really depends on who is standing there" (maker, Denmark). Interviewing maker managers, however, also had an impact on their reflection of male dominated cultures: "The visibility of women we never thought of, now it's on our minds. For some time now we have started thinking in these terms-how many girls we have, etc." (maker leader, Spain).
Technology Types and Technology Use
The two diagrams in Figure 7 provide an overview of which types of technologies are used by both male-and female-led makers in the sample, as well as the purposes for which they are used. In the lefthand diagram of Figure 7 , it is unsurprising that 3D printing technologies are the most common, given that these are, by and large, what defines who makers are. However, a large number of other technologies are also used, by far the majority of which are not specifically offered to or designed for makers. However, they are clearly maker-relevant and are being used quite intensely by makers, even though they are generally available technologies used across many sectors, by many different actors and for a multitude of purposes.
This conclusion has also been reached through a separate analysis of the technologies selected and described for makers in MAKE-IT's TechRadar (http://make-it.io:8080). In terms of the uses to 
This conclusion has also been reached through a separate analysis of the technologies selected and described for makers in MAKE-IT's TechRadar (http://make-it.io:8080). In terms of the uses to which these technologies are put, again there is a wide spread, based on the categories proposed in the TechRadar. The least used categories are organization and communication which are more indicative of pillar 1 (organization and governance) activities. Indeed, other evidence presented below shows that pillar 1 has less focus in the sample and is less developed than pillar 2 (peer and collaborative behavior), perhaps because makers are generally still at quite an informal stage. This is also indicated by the fact that commercialization uses are only at rank 5 out of 8 in Figure 7 , given that becoming commercial tends to take a long-term effort. These differences are not stark, however, and may also arise because many of the individuals interviewed in the Barcelona sample were lead practitioners rather than management or administrative staff. All the other technology uses are well represented and appear to be highly relevant for making activity. practitioners rather than management or administrative staff. All the other technology uses are well represented and appear to be highly relevant for making activity. It is also relevant to examine technology types and uses by gender, as also shown in Figure 7 . The overwhelming conclusion is, in fact that both males and females generally use the same technologies to a similar extent. However, Figure 7 does indicate that males are a little more likely to be involved in modeling, software development, robotics and the Internet of Things (IoT), each of which is perhaps a more specialist technology in the maker context. Generally, females tend to use a wider range of technologies and to be less specialized in their technology use, as also indicated by the higher incidence of the 'other' category.
In terms of technology use by gender, Figure 7 again indicates quite similar usage patterns between males and females, with a strong emphasis on sharing, collaboration, learning and interaction which are also more typical of pillar 2 as opposed to pillar 1 activities. However, there is one important exception, i.e., learning is much more important for males, whilst interaction is much more important for females. This observation seems to be in line with the fact that females are more likely than men to be leading maker initiatives at the larger scales, i.e., networking and ecosystems, as noted in the second graph in Figure 6 . Men are also very marginally more likely to be using the technology for commercial purposes than females, and again females tend to be more generalist in their technology use as also indicated by the higher incidence of the 'other' category.
Looking at the technology types at different scales, Figure 8 (on left) shows only a few distinctions. Most are used more or less equally at all scales, although there is a clear tendency for partnering to use 3D printing, modeling and other types more, and electronics, robotics and IoT less, when compared to many of the other scales. Examining how the technologies are used ( Figure 8 on the right), however, shows some stronger distinctions. It seems clear that singles are quite random in their technology use given they can be highly diverse but perhaps also because their sample size is the smallest at 5 initiatives. The other noteworthy observation is that it is mostly in relatively small-scale partnerships that commercialization is taking place, whilst commercial uses of the technology are much less common at the larger scales of community, ecosystems and networks. Partnering is perhaps better able to provide the close bonding and trusting relationships necessary for makers to set up good commercial relationships in the maker context than are the other scales. It is also relevant to examine technology types and uses by gender, as also shown in Figure 7 . The overwhelming conclusion is, in fact that both males and females generally use the same technologies to a similar extent. However, Figure 7 does indicate that males are a little more likely to be involved in modeling, software development, robotics and the Internet of Things (IoT), each of which is perhaps a more specialist technology in the maker context. Generally, females tend to use a wider range of technologies and to be less specialized in their technology use, as also indicated by the higher incidence of the "other" category.
In terms of technology use by gender, Figure 7 again indicates quite similar usage patterns between males and females, with a strong emphasis on sharing, collaboration, learning and interaction which are also more typical of pillar 2 as opposed to pillar 1 activities. However, there is one important exception, i.e., learning is much more important for males, whilst interaction is much more important for females. This observation seems to be in line with the fact that females are more likely than men to be leading maker initiatives at the larger scales, i.e., networking and ecosystems, as noted in the second graph in Figure 6 . Men are also very marginally more likely to be using the technology for commercial purposes than females, and again females tend to be more generalist in their technology use as also indicated by the higher incidence of the "other" category.
Looking at the technology types at different scales, Figure 8 (on left) shows only a few distinctions. Most are used more or less equally at all scales, although there is a clear tendency for partnering to use 3D printing, modeling and other types more, and electronics, robotics and IoT less, when compared to many of the other scales. Examining how the technologies are used ( Figure 8 on the right), however, shows some stronger distinctions. It seems clear that singles are quite random in their technology use given they can be highly diverse but perhaps also because their sample size is the smallest at 5 initiatives. The other noteworthy observation is that it is mostly in relatively small-scale partnerships that commercialization is taking place, whilst commercial uses of the technology are much less common at the larger scales of community, ecosystems and networks. Partnering is perhaps better able to provide the close bonding and trusting relationships necessary for makers to set up good commercial relationships in the maker context than are the other scales.
Also, as noted above, such commercial relations seem to focus more on 3D and modeling technologies, which is maybe unsurprising given that these are the original core technologies of the maker movement, so have had much more time to support commercial activities. It is also relevant to note that the largest scales to be more "all-round" in their use of technology, which again is perhaps not surprising as they involve many more actors and are generally more complex and comprehensive in the range of their activities. Also, as noted above, such commercial relations seem to focus more on 3D and modeling technologies, which is maybe unsurprising given that these are the original core technologies of the maker movement, so have had much more time to support commercial activities. It is also relevant to note that the largest scales to be more 'all-round' in their use of technology, which again is perhaps not surprising as they involve many more actors and are generally more complex and comprehensive in the range of their activities.
Long Term Ambition
In Figure 9 , the long-term ambitions of maker initiatives, as opposed to the actual achievements (which are discussed below), is charted. The two graphs show a distinction between an ambition being actively pursued (on the left) and how the interviewee sees the relevance of the ambition (on the right). The relevance scores are the percentages of initiatives indicating a given ambition is potentially relevant to them, whilst the ambition scores are those they are actually pursuing. As would be expected, in all cases the relevance scores are higher than the scores for ambitions actually being pursued, whilst the gap between the two indicates the size differentials of what is happening in practice and aspirations still to be tackled. So, for example, the gap between technical and educational science and research ambitions and their perceived relevance is much smaller than between commercial, environmental and social ambitions and their relevance. Clearly, there is more progress in terms of the former ambitions than the latter, and that the former are more indicative of the early stage of maker development than later stages. 
In Figure 9 , the long-term ambitions of maker initiatives, as opposed to the actual achievements (which are discussed below), is charted. The two graphs show a distinction between an ambition being actively pursued (on the left) and how the interviewee sees the relevance of the ambition (on the right). The relevance scores are the percentages of initiatives indicating a given ambition is potentially relevant to them, whilst the ambition scores are those they are actually pursuing. As would be expected, in all cases the relevance scores are higher than the scores for ambitions actually being pursued, whilst the gap between the two indicates the size differentials of what is happening in practice and aspirations still to be tackled. So, for example, the gap between technical and educational science and research ambitions and their perceived relevance is much smaller than between commercial, environmental and social ambitions and their relevance. Clearly, there is more progress in terms of the former ambitions than the latter, and that the former are more indicative of the early stage of maker development than later stages. Also, as noted above, such commercial relations seem to focus more on 3D and modeling technologies, which is maybe unsurprising given that these are the original core technologies of the maker movement, so have had much more time to support commercial activities. It is also relevant to note that the largest scales to be more 'all-round' in their use of technology, which again is perhaps not surprising as they involve many more actors and are generally more complex and comprehensive in the range of their activities.
In Figure 9 , the long-term ambitions of maker initiatives, as opposed to the actual achievements (which are discussed below), is charted. The two graphs show a distinction between an ambition being actively pursued (on the left) and how the interviewee sees the relevance of the ambition (on the right). The relevance scores are the percentages of initiatives indicating a given ambition is potentially relevant to them, whilst the ambition scores are those they are actually pursuing. As would be expected, in all cases the relevance scores are higher than the scores for ambitions actually being pursued, whilst the gap between the two indicates the size differentials of what is happening in practice and aspirations still to be tackled. So, for example, the gap between technical and educational science and research ambitions and their perceived relevance is much smaller than between commercial, environmental and social ambitions and their relevance. Clearly, there is more progress in terms of the former ambitions than the latter, and that the former are more indicative of the early stage of maker development than later stages. The five types of long-term ambitions of the maker initiatives shown in Figure 9 can be compared with these makers' actual reported impact achievements, discussed below. Both educational science and research and technical ambitions seem overall to be the most important, followed by social, environmental and finally commercial. Again, this tends to corroborate the conclusions of MAKE-IT's in-depth qualitative case study analyses of ten maker initiatives. Gender differences are also plotted in Figure 9 , which shows quite similar ambition and relevance scores, except that males are much more focused on technical ambitions than females, whilst the latter are a little more focused on social ambitions than males. Figure 10 shows how the five different scales have different ambitions and the extent to which the initiatives see these ambitions as relevant or not. Ecosystem configurations, followed closely by networks, normally score highest on both. Even though ecosystems are not at the largest potential scale, they can be thought of as exhibiting the most intricate, comprehensive and developed set of relationships between different, but complementary, actors at a relatively large scale. Given this level of development, when successful they are thus likely to be very ambitious and to see all ambitions as highly relevant. The same argument holds, though to a slightly lesser extent, for networks, which tend to be less developed than ecosystems but at a larger scale.
The five types of long-term ambitions of the maker initiatives shown in Figure 9 can be compared with these makers' actual reported impact achievements, discussed below. Both educational science and research and technical ambitions seem overall to be the most important, followed by social, environmental and finally commercial. Again, this tends to corroborate the conclusions of MAKE-IT's in-depth qualitative case study analyses of ten maker initiatives. Gender differences are also plotted in Figure 9 , which shows quite similar ambition and relevance scores, except that males are much more focused on technical ambitions than females, whilst the latter are a little more focused on social ambitions than males. Figure 10 shows how the five different scales have different ambitions and the extent to which the initiatives see these ambitions as relevant or not. Ecosystem configurations, followed closely by networks, normally score highest on both. Even though ecosystems are not at the largest potential scale, they can be thought of as exhibiting the most intricate, comprehensive and developed set of relationships between different, but complementary, actors at a relatively large scale. Given this level of development, when successful they are thus likely to be very ambitious and to see all ambitions as highly relevant. The same argument holds, though to a slightly lesser extent, for networks, which tend to be less developed than ecosystems but at a larger scale. It is also interesting in Figure 10 that there seems to be quite a strong positive correlation between increasing scale and increasing ambition/relevance, with only a relatively minor deviation between the two smallest scales of single and partnering. This observation will be repeated on numerous occasions below when looking at actual achievements. It is quite clear that, like gender, scale is a very important determinant of the success and impacts maker initiatives are likely to have.
Organization and Governance
The overall reported achievements in organization and governance (pillar 1), as shown in Figure 11 , are mainly good, although overall the achievement rate is only 33% of those for whom such achievements are relevant, with some interesting differences between the various issues. Openness to and sharing with partners outside the maker initiative itself is the most positive result, perhaps reflecting the conclusion noted in the discussion of maker scales (Figure 4) , where the partnering, community and ecosystem scales are the most common operational forms.
As the case study interviews with makers show, they are very keen on realizing openness as much as possible: "Openness and sharing are the key principles that makers abide by. I haven't seen makers being overly protective of their (intellectual property) IP. They are mostly willing to share their materials, designs with anyone who is interested" (maker, Estonia). Openness is practiced by It is also interesting in Figure 10 that there seems to be quite a strong positive correlation between increasing scale and increasing ambition/relevance, with only a relatively minor deviation between the two smallest scales of single and partnering. This observation will be repeated on numerous occasions below when looking at actual achievements. It is quite clear that, like gender, scale is a very important determinant of the success and impacts maker initiatives are likely to have.
As the case study interviews with makers show, they are very keen on realizing openness as much as possible: "Openness and sharing are the key principles that makers abide by. I haven't seen makers being overly protective of their (intellectual property) IP. They are mostly willing to share their materials, designs with anyone who is interested" (maker, Estonia). Openness is practiced by the sharing of ideas and designs locally, and by learning online in the wider community using multiple platforms for uploading designs and projects for other makers to use and adapt. However, for makers with commercial ambitions it is challenging to reconcile the value of openness and protection when running a maker business: "We're of course in competition with other people. We're entering into a capitalist market where money is being made. And if we go there now and document every bit that we make and put it online, then we shoot (ourselves) in our own foot of course" (maker, Germany). Thus, openness challenges the business model of makers.
Financial and organizational sustainability is much less positive in Figure 11 , although is still generally achieving some good results. By contrast, however, the maker initiatives' gender balance is reported to be relatively poor, even disregarding those initiatives for which this is not a relevant goal. Overall, the more bottom-up, informal aspects seem to be more important than the more top-down and formal aspects, even in the organization and governance pillar, again indicative of the early stage of maker development. There are also large gaps between achievements and relevance on all issues except gender (where both are low) and openness and sharing (where both are relatively high). Achieving the long-term vision shows the largest gap, which is perhaps unsurprising given the relatively early stage of development of these maker initiatives. the sharing of ideas and designs locally, and by learning online in the wider community using multiple platforms for uploading designs and projects for other makers to use and adapt. However, for makers with commercial ambitions it is challenging to reconcile the value of openness and protection when running a maker business: "We're of course in competition with other people. We're entering into a capitalist market where money is being made. And if we go there now and document every bit that we make and put it online, then we shoot (ourselves) in our own foot of course" (maker, Germany). Thus, openness challenges the business model of makers. Financial and organizational sustainability is much less positive in Figure 11 , although is still generally achieving some good results. By contrast, however, the maker initiatives' gender balance is reported to be relatively poor, even disregarding those initiatives for which this is not a relevant goal. Overall, the more bottom-up, informal aspects seem to be more important than the more top-down and formal aspects, even in the organization and governance pillar, again indicative of the early stage of maker development. There are also large gaps between achievements and relevance on all issues except gender (where both are low) and openness and sharing (where both are relatively high). Achieving the long-term vision shows the largest gap, which is perhaps unsurprising given the relatively early stage of development of these maker initiatives. In terms of gender contrasts, Figure 11 clearly shows that females have both greater achievements and greater relevance on gender balance compared to males, although this remains on the low side. Females also have greater achievements on openness and sharing, whilst males feel they are achieving a little more on changing prevailing norms, policies and regulations, on their long-term visions and on financial sustainability.
When examining the five types of scale in Figure 12 , again the two largest scales, networking and ecosystems, both report the biggest achievements. In terms of gender contrasts, Figure 11 clearly shows that females have both greater achievements and greater relevance on gender balance compared to males, although this remains on the low side. Females also have greater achievements on openness and sharing, whilst males feel they are achieving a little more on changing prevailing norms, policies and regulations, on their long-term visions and on financial sustainability.
When examining the five types of scale in Figure 12 , again the two largest scales, networking and ecosystems, both report the biggest achievements.
However, in the organization and governance pillar, networking is leading ecosystems, perhaps because it is more concerned with the larger scale external environment compared to the peer and collaborative behavior pillar, where ecosystems are more successful than networks. There are also large gaps between actual achievements and relevance across all scales, although the largest scales have the smallest gaps given that they are generally more successful. The gaps are most marked in relation to gender balance but also in terms of organization and decision-making as well as financial sustainability. Again, there is a very strong positive correlation between increasing scale and increasing achievement/relevance. However, in the organization and governance pillar, networking is leading ecosystems, perhaps because it is more concerned with the larger scale external environment compared to the peer and collaborative behavior pillar, where ecosystems are more successful than networks. There are also large gaps between actual achievements and relevance across all scales, although the largest scales have the smallest gaps given that they are generally more successful. The gaps are most marked in relation to gender balance but also in terms of organization and decision-making as well as financial sustainability. Again, there is a very strong positive correlation between increasing scale and increasing achievement/relevance.
Peer and Collaborative Behaviours
The overall reported achievements in peer and collaborative behaviors (pillar 2), as shown in Figure 13 , are generally very positive, and overall are greater than in the organization and governance pillar, with an average achievement rate of 40%. This may be because many makers are still at a relatively informal stage, experimenting and playing with the technology and with co-creative, collaborative and self-and group-learning activities, so this result perhaps reflects this early stage of maker development. The result may, however, be somewhat biased because, as noted above, many of the individuals interviewed in the sample were lead practitioners rather than management or administrative staff.
The most positive results in Figure 13 , come from questions on the motivation and engagement of users, collaborative learning and knowledge, and individual user skills and competences, in each of which there is also high relevance across most of the initiatives surveyed and with very few negative or neutral reports. This probably reflects the conclusion above that these types of achievement reflect the current preoccupation and focus of most makers. In contrast, achievements related to intended business and commercial goals are much more evenly spread between both positive and negative results from the questionnaires, resulting in lower overall scores, in addition, one third of the maker initiatives surveyed do not even have such goals so their relevance is relatively low. 
The overall reported achievements in peer and collaborative behaviors (pillar 2), as shown in Figure 13 , are generally very positive, and overall are greater than in the organization and governance pillar, with an average achievement rate of 40%. This may be because many makers are still at a relatively informal stage, experimenting and playing with the technology and with co-creative, collaborative and self-and group-learning activities, so this result perhaps reflects this early stage of maker development. The result may, however, be somewhat biased because, as noted above, many of the individuals interviewed in the sample were lead practitioners rather than management or administrative staff. In terms of gender contrasts, Figure 13 clearly shows both that females have higher aspirations (given by their relevance scores) and are in practice achieving much more on user motivation, user skills and collaborative learning, compared to males. This conclusion, i.e., that female-led maker initiatives are achieving more, and are thus generally more successful, than male-led initiatives, is further reinforced in much of the data presented below.
In relation to scale effects, Figure 14 again shows the predominance of the two largest, with ecosystems claiming the biggest achievements and a generally very clear positive correlation between increasing scale and greater achievements/relevance. The largest gaps between achievement and relevance are for business and commerce.
The case studies show that the level of engagement of makers depends on their willingness to participate in regular activities and their unwillingness to invest in high cost projects. The lack of The most positive results in Figure 13 , come from questions on the motivation and engagement of users, collaborative learning and knowledge, and individual user skills and competences, in each of which there is also high relevance across most of the initiatives surveyed and with very few negative or neutral reports. This probably reflects the conclusion above that these types of achievement reflect the current preoccupation and focus of most makers. In contrast, achievements related to intended business and commercial goals are much more evenly spread between both positive and negative results from the questionnaires, resulting in lower overall scores, in addition, one third of the maker initiatives surveyed do not even have such goals so their relevance is relatively low.
In terms of gender contrasts, Figure 13 clearly shows both that females have higher aspirations (given by their relevance scores) and are in practice achieving much more on user motivation, user skills and collaborative learning, compared to males. This conclusion, i.e., that female-led maker initiatives are achieving more, and are thus generally more successful, than male-led initiatives, is further reinforced in much of the data presented below.
The case studies show that the level of engagement of makers depends on their willingness to participate in regular activities and their unwillingness to invest in high cost projects. The lack of trust that inhibits access to some maker spaces was mentioned as a barrier to deeper involvement. However, makers stated they were driven by open access to equipment and knowledgeable professionals. The more the makers were able to test and use these services and tools, the more they become engaged in making. Thus, it seems that maker engagement is mainly dependent on their personal characteristics, e.g., high motivation and interest, in the context of access and opportunity. In terms of gender contrasts, Figure 13 clearly shows both that females have higher aspirations (given by their relevance scores) and are in practice achieving much more on user motivation, user skills and collaborative learning, compared to males. This conclusion, i.e., that female-led maker initiatives are achieving more, and are thus generally more successful, than male-led initiatives, is further reinforced in much of the data presented below.
The case studies show that the level of engagement of makers depends on their willingness to participate in regular activities and their unwillingness to invest in high cost projects. The lack of trust that inhibits access to some maker spaces was mentioned as a barrier to deeper involvement. However, makers stated they were driven by open access to equipment and knowledgeable professionals. The more the makers were able to test and use these services and tools, the more they become engaged in making. Thus, it seems that maker engagement is mainly dependent on their personal characteristics, e.g., high motivation and interest, in the context of access and opportunity. 
Social Sustainability Achievements
As shown in Figure 15 achievements related to social sustainability are generally good, although overall the achievement rate is only 29% of those for whom such achievements are relevant. Improved human capital appears overall to be the most positive, probably related to the questions on collaborative learning and knowledge, and on individual user skills and competences, referred to in the peer and collaborative behavior pillar above.
Improved education and research achieves the second highest impact in Figure 15 . The questions on changed social opinions and behavior, improved quality of life and on improved social inclusion and cohesion are less positive but still overall more positive than negative. These latter three questions are ostensibly broader and perhaps less concrete than improved human capital, that can be related more or less directly to measurable skills, so there is likely to be both more uncertainty in scoring them higher as well as greater difficulty in assessing such impacts in the wider community.
As shown in Figure 15 achievements related to social sustainability are generally good, although overall the achievement rate is only 29% of those for whom such achievements are relevant. Improved human capital appears overall to be the most positive, probably related to the questions on collaborative learning and knowledge, and on individual user skills and competences, referred to in the peer and collaborative behavior pillar above. Improved education and research achieves the second highest impact in Figure 15 . The questions on changed social opinions and behavior, improved quality of life and on improved social inclusion and cohesion are less positive but still overall more positive than negative. These latter three questions are ostensibly broader and perhaps less concrete than improved human capital, that can be related more or less directly to measurable skills, so there is likely to be both more uncertainty in scoring them higher as well as greater difficulty in assessing such impacts in the wider community.
Looking at gender issues in Figure 15 , female-led initiatives are having much greater success in achieving social sustainability, particularly in relation to social inclusion and cohesion, quality of life and social opinions and behaviors. In fact these would score quite high overall except for the fact that male-led initiatives seem to perform badly. However, both genders perform relatively well on human capital and education and research which, as mentioned above, can be more readily related to measurable outcomes such as skills.
Turning to scale differences for social sustainability, Figure 16 shows that ecosystems score, very decisively, much better than all others across all five issues. The other scales tend to be more random in their achievements, with networks scoring best on social inclusion and cohesion, communities on human capital and quality of life, and singles on education and research. These all appear quite rational, as does simple partnering which seems to score lower than all others across most issues given that partnerships tend to be focused in their activities, as noted above in relation to their commercial activities. Ecosystems also score highest in terms of perceived relevance, with overall generally a positive correlation between increased relevance and increased scale. Looking at gender issues in Figure 15 , female-led initiatives are having much greater success in achieving social sustainability, particularly in relation to social inclusion and cohesion, quality of life and social opinions and behaviors. In fact these would score quite high overall except for the fact that male-led initiatives seem to perform badly. However, both genders perform relatively well on human capital and education and research which, as mentioned above, can be more readily related to measurable outcomes such as skills.
Turning to scale differences for social sustainability, Figure 16 shows that ecosystems score, very decisively, much better than all others across all five issues. The other scales tend to be more random in their achievements, with networks scoring best on social inclusion and cohesion, communities on human capital and quality of life, and singles on education and research. These all appear quite rational, as does simple partnering which seems to score lower than all others across most issues given that partnerships tend to be focused in their activities, as noted above in relation to their commercial activities. Ecosystems also score highest in terms of perceived relevance, with overall generally a positive correlation between increased relevance and increased scale. The case studies attest all these social sustainability achievements, especially in terms of education, training and innovations addressing social challenges. Education is described as the core aim of maker spaces, with all cases offering workshops for educational institutions, from kindergarten children up to university students: "(…) Part of the task, which we set ourselves is of course to try to break barriers, especially for pupils who would never get the idea to study because they grow up in a social environment where they have no contact at all to universities. (…) social The case studies attest all these social sustainability achievements, especially in terms of education, training and innovations addressing social challenges. Education is described as the core aim of maker spaces, with all cases offering workshops for educational institutions, from kindergarten children up to university students: "( . . . ) Part of the task, which we set ourselves is of course to try to break barriers, especially for pupils who would never get the idea to study because they grow up in a social environment where they have no contact at all to universities. ( . . . ) social origin determines the educational career a lot here" (manager, Germany). Thus, making might have an impact on career choices as well as an empowering effect: "Something that is very remarkable is the fact that whatever happens in our lab, our advisory service is all about the empowerment of people, providing people with knowledge and tools that make them become more valuable, whatever they do. It is giving them knowledge, practical tools and approaches that strengthen their capabilities" (manager, Denmark). There are also numerous examples of maker innovations that tackle social challenges and enhance quality of life, from printed prostheses for people with disabilities, to mobile maker spaces in disaster zones for developing products to tackle immediate necessities (Fieldready.org).
Economic Sustainability Achievements
Economic sustainability achievements, shown in Figure 17 , are generally as high as social sustainability achievements with an achievement rate of 28%, but they have less impact overall because the percentage of initiatives for which these questions are relevant is 71% compared with 83% for the social sustainability questions. This leads to a tentative conclusion that for those fewer initiatives that have economic sustainability goals, they are achieving them relatively well, whereas there are more initiatives with social sustainability goals and all these are also achieving them relatively well. There are also interesting differences between each of the economic questions, as shown in Figure 17 , with the improved sharing, collaboration and co-creation in an economic context question the most positive. This probably relates, as noted above, to the highly positive impact questions on collaborative learning and knowledge, and on individual user skills and competences, referred to in the peer and collaborative behavior pillar above. There are only minor gender differences shown in Figure 17 , with the most prominent being greater male economic sustainability achievements in innovation for the economy, but slightly less than females on sharing, collaboration and co-creation.
In examining scale differences, Figure 18 shows a very strong positive correlation between increasing scale and increasing sustainability achievements across all four issues, again with the usual flip between ecosystems and networks. Thus, both in terms of social and economic sustainability achievements, ecosystems are clearly the most successful scale, followed by networks and then the smaller scales progressively performing less well. For both gender and scale, relevance scores closely mirror achievement scores with quite large gaps across all four issues. Also important are questions on improved science and research for the economy and improved innovation in the economy, showing the general value of maker initiatives to these issues. Performing least well are work and employment, although, it needs to be stressed, some achievements are being made in this context. As concluded earlier, the improved sharing, collaboration and co-creation question directly reflects the main activities in the current stage of maker development, i.e., focused somewhat more on experimenting and playing with the technology and with co-creative, collaborative and self-and group-learning activities. The other questions reflect impacts that probably require a longer time horizon and changes to more established institutional structures and activities.
There are only minor gender differences shown in Figure 17 , with the most prominent being greater male economic sustainability achievements in innovation for the economy, but slightly less than females on sharing, collaboration and co-creation.
In examining scale differences, Figure 18 shows a very strong positive correlation between increasing scale and increasing sustainability achievements across all four issues, again with the usual flip between ecosystems and networks. Thus, both in terms of social and economic sustainability achievements, ecosystems are clearly the most successful scale, followed by networks and then the smaller scales progressively performing less well. For both gender and scale, relevance scores closely mirror achievement scores with quite large gaps across all four issues.
The case studies show that economic sustainability is mainly generated through easy prototyping and the drive for innovation, as well as impacts on the labour force. Using digital fabrication tools, prototypes can be easily developed and ideas tested before needing substantial funding: "I think they [FabLabs] are a kind of nucleus for products in general, because you can develop your ideas with no risk. If you have an idea, you just come here and try it out. If you figure out that it did not work, then it just does not work, but you did not buy a laser cutter for €30,000 before trying. No start-up business could afford that" (maker, Austria). Thus, products find their way to the market faster and ideas can be tested before searching for investment, showing that making is a driving force for innovation. Indeed, many start-up companies have their roots in the maker movement, whilst impact on the labour force comes from local job creation and up-skilling the work force. 
Environmental Sustainability Achievements
Compared with both social and economic sustainability achievements, environmental sustainability achievements are overall somewhat less impressive, with an achievement rate of only 15%, indicating both the overall lack of ambition in this regard as well perhaps the difficulty for makers in undertaking environmental evaluations. However, there are some quite marked differences between individual environmental questions, as revealed in Figure 19 . 
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Compared with both social and economic sustainability achievements, environmental sustainability achievements are overall somewhat less impressive, with an achievement rate of only 15%, indicating both the overall lack of ambition in this regard as well perhaps the difficulty for makers in undertaking environmental evaluations. However, there are some quite marked differences between individual environmental questions, as revealed in Figure 19 . More sustainable consumption shows the greatest success in Figure 19 , perhaps related to the strong material re-use and high resource use efficiency of makers. Although collectively sustainability achievements are lower than overall social and economic achievements, the specific issue of sustainable consumption is achieving almost as high sustainability impacts as the highest social and economic issues. Circular economy sustainability impacts are also relatively good although less than sustainable consumption, even though the two relate, probably because the former are more likely to be part of broader industrial systems into which only few makers are currently incorporated. In contrast to these two, sustainability achievements related to decreased greenhouse gas emissions and of other types of pollution, as well as of improved bio-diversity, are More sustainable consumption shows the greatest success in Figure 19 , perhaps related to the strong material re-use and high resource use efficiency of makers. Although collectively sustainability achievements are lower than overall social and economic achievements, the specific issue of sustainable consumption is achieving almost as high sustainability impacts as the highest social and economic issues. Circular economy sustainability impacts are also relatively good although less than sustainable consumption, even though the two relate, probably because the former are more likely to be part of broader industrial systems into which only few makers are currently incorporated. In contrast to these two, sustainability achievements related to decreased greenhouse gas emissions and of other types of pollution, as well as of improved bio-diversity, are only marginally positive, perhaps indicating the difficulties for makers in understanding in practice how they might contribute directly to these goals.
These results perhaps reveal a weakness in the methodology here, as there are two issues which perform well and on a par with many social and economic impacts, but these are coupled with three which perform much less well, thereby significantly reducing the average achievement of environmental sustainability. Although decisions about the issues to address have been derived from desk research and widespread consultation with makers, the actual choice can obviously affect the average result. Clearly, there are some quite good environmental sustainability achievements arising from maker initiatives shown by these results.
Distinctions in environmental sustainability achievements related to gender are also seen in Figure 19 with females being clearly more successful than males in relation to sustainable consumption and the circular economy, and marginally less successful in terms of decreased pollution, the latter perhaps being a more technically specialist issue.
Looking at scale differences, Figure 20 shows that there is again, in general terms, a clear correlation between increasing scale and impact. However, in relation to environmental as opposed to social and economic sustainability achievements, networks do perform better than ecosystems, but also partnerships perform better than communities. This seems to reinforce the evidence above that networks and partnerships are both more focused on, and more specialist in, more challenging technical and commercial issues. Environmental challenges are perhaps a good example of this, being able to exploit either small strong ties as in partnerships, as well as perhaps looser although very wide -ranging ties as with networks. It is also noteworthy that singles do not appear in Figure 20 because none of the five interviewed could answer the environmental questions, unlike all interviewees at other scales and unlike all the other questions that they did respond to.
wide -ranging ties as with networks. It is also noteworthy that singles do not appear in Figure  20 because none of the five interviewed could answer the environmental questions, unlike all interviewees at other scales and unlike all the other questions that they did respond to. Some of the case studies addressed environmental challenges with maker inventions (e.g., a water purification tool using solar energy, an energy-harvesting flower-pot, etc.), others experimented with environmentally friendly materials (e.g., mushroom-based textiles replacing leather) or developed substitute parts. While not all makers in the cases were environmentally conscious, there were many examples of makers keen on up-cycling, re-cycling or repairing things in their maker space [19] .
Discussion
There are a number of general discussion points arising from the results and analysis reported above, both from the 42 maker initiatives investigated in Barcelona, and from the ten case studies drawn from across Europe, most of which appear to be complementary. These are grouped under Some of the case studies addressed environmental challenges with maker inventions (e.g., a water purification tool using solar energy, an energy-harvesting flower-pot, etc.), others experimented with environmentally friendly materials (e.g., mushroom-based textiles replacing leather) or developed substitute parts. While not all makers in the cases were environmentally conscious, there were many examples of makers keen on up-cycling, re-cycling or repairing things in their maker space [19] .
There are a number of general discussion points arising from the results and analysis reported above, both from the 42 maker initiatives investigated in Barcelona, and from the ten case studies drawn from across Europe, most of which appear to be complementary. These are grouped under four headings: technology; ambitions and achievements by analytical pillar; the importance of gender; and the importance of scale. In addition, links are drawn to some wider issues of sustainability and to the ongoing development of the maker movement in this context.
Technology
The technology types used cover the whole range: 3D printing, modeling, robotics, Internet of Things (IoT), software development, telecommunications and electronics. It is unsurprising that 3D printing technologies are the most common, given that these are, by and large, what defines who makers are. However, a large number of other technologies are also used, by far the majority of which are not specifically offered to or designed for makers. In terms of the activities for which the technology is used, there is strong emphasis on sharing, collaboration, learning and interaction: These are more typical of the peer and collaborative behaviors pillar, whilst the least used categories are organization and communication that are more indicative of organization and governance pillar activities. This shows that makers are generally still at a quite informal, less organised stage, more concerned with starting up and exploring possibilities, which the peer and collaborative behaviors pillar tends to represent.
Ambitions and Achievements
In terms of the ambitions of maker initiatives, education and research are the most important, followed by social and technical. Of less importance are environmental ambitions and the least important are commercial ambitions. These priorities tend to reflect some of the main reasons for starting a maker initiative, i.e., to provide skills upgrading for both vocational and non-vocational purposes often in educational institutions, and to serve social and sometimes inclusion goals. Technical ambitions are also an intrinsic part of this given the new and innovative nature of the technologies being used which tend to attract young people, especially males, to explore the new possibilities.
Similar to ambitions, the achievements actually being delivered are generally higher for the peer and collaborative behaviors pillar than the organization and governance pillar, again perhaps underlining the still relatively early stage of development of many maker initiatives. This result is further underpinned by the fact that the overall focus of achievements tends to be on the more bottom-up and sometimes informal individual aspects of the peer and collaborative behaviors pillar (like user skills and motivation, sharing and learning) than on the more top-down and formal organizational aspects (like management, decision-making, impact on wider institutional norms, including policies and regulation) of the organization and governance pillar.
Looking at the social sustainability impacts achieved, improved human capital appears to be the most positive in the social context, probably related to the questions on collaborative learning and knowledge, and on individual user skills and competences, referred to in the peer and collaborative behaviors pillar above. In terms of economic sustainability impacts, improved sharing, collaboration and co-creation in an economic context are the most positive. Also important are questions on improved science and research for the economy and improved innovation in the economy. Fewer impacts are, however, currently being achieved in relation to improved work and employment, perhaps because these tend to require achievements over the longer term.
The most important environmental sustainability impacts are more sustainable consumption and circular economy impacts, perhaps related to the strong material re-use and high resource use efficiency of makers. In contrast to these two, impacts related to decreased greenhouse gas emissions and of other types of pollution, as well as of improved bio-diversity, are only marginally positive, perhaps indicating the difficulties in understanding in practice how makers can contribute directly to these goals.
In general for the overall societal sustainability impacts pillar, there are both good social and economic sustainability achievements, but there are many more of the former that are rated as relevant, so the overall social sustainability impact is greater. Environmental sustainability impacts are collectively rated as less relevant, perhaps because they are more difficult to understand and engage with, although there are some very good positive environmental sustainability results.
The Importance of Gender
Most maker initiatives are led by young males which is quite similar to the situation seen in the majority of technology-based start-ups and new enterprises. However, as summarized below, females generally achieve better results than males. In terms of technology use, males and females generally use the same technologies to a similar extent. However, females tend to use a wider range of technologies and to be less specialized in their technology use. Females are also more likely to use more interactive and collaborative tools and be leading maker initiatives at larger scales, i.e., networking and ecosystems, than males (see below), where such technology uses are most relevant. By contrast, males are marginally more likely to be using the technology for commercial purposes, and to be much more focused on technical ambitions than females, whilst the latter are somewhat more prone to have social ambitions than males.
In relation to the organization and governance pillar, females report both greater achievements and greater relevance on gender balance compared to males, though this remains on the low side for both. Females also report greater achievements on openness and sharing, whilst males feel they are achieving a little more on changing prevailing norms, policies and regulations, on their long-term visions and on financial sustainability. In terms of the peer and collaborative behavior pillar, females report much higher aspirations (given by their relevance scores), and are in practice achieving much more on user motivation, user skills and collaborative learning, compared to males. Overall, females have a higher focus on social and educational issues, on openness and sharing, skills and quality of life, whilst males focus more on technology, industry/economy innovation and changing regulations, norms, etc.
Female-led initiatives are having much greater success than males in delivering social sustainability impacts, particularly in relation to social inclusion and cohesion, quality of life and changing social opinions and behaviors. On the other hand, there are greater male achievements in economic sustainability related industry and economy innovation, but slightly less than females on sharing, collaboration and co-creation in an economic context. In the environmental sustainability impact context, females are also more successful than males in relation to sustainable consumption and the circular economy. However, females are marginally less successful than males in terms of decreased pollution, the latter perhaps being a more technically specialist issue.
The maker initiatives that females and males lead seem to be operating at quite different scales. Females are much more likely to work at the larger scales of ecosystems and networks, although they are also well represented at the community and less so at single scales. Males, in contrast, are much more likely to quickly move from the single stage to partnering, which seems to be their dominant modus operandi, although they are also well represented in communities and less so in ecosystems.
The overall conclusion is that female-led maker initiatives are achieving more, and are thus generally more successful, than male-led initiatives. The reasons for this are difficult to unravel, especially as expectations would point to the opposite in such a male dominated context. Clearly many females can bring unique skills and insights which complement male ones. However, a contributing factor might be that only high caliber females lead maker initiatives, precisely because of the barriers against them, whilst the range of male leaders is much wider so their average level of skill, determination and ambition may be lower, leading to fewer achievements overall. Another reason might be that females have to be more ambitious and expert from the outset in this male-dominated field. Whatever the reasons, females are in most cases underrepresented in most maker initiatives. To change this, there is a need to actively promote a culture that promotes diversity (not only females, but also other groups which tend to be left out, such as the elderly) and to install a respectful and supportive culture in maker spaces [17] .
The Importance of Scale
Looking at each of the five scales in turn (see Figure 4) , single/individual initiatives seem to be quite diverse in their technology use, their ambitions and achievements, compared to the four other scales each of which do seem to demonstrate distinct characteristics. Perhaps this is the case given that singles can be highly diverse, but possibly also because their sample size for this analysis is the smallest at only five initiatives. Maker initiatives characterized as partnering tend to use 3D printing and modeling technologies more than other scales, and electronics, robotics and IoT less. Partnerships are also more likely to be more focused and specialized in their activities, especially in relation to commercial and environmental ambitions and achievements, compared to the larger scales of community, ecosystems and networks. Partnering is thus perhaps better able to provide the close bonding and trusting relationships necessary for makers to set up good commercial relationships in the maker context than are other scales. By contrast to partnering, communities tend, as suspected, to consist mainly of single, though sometimes several, maker initiatives having very close relationships with their users. These relationships are mainly non-commercial, and the overall ambitions and achievements of communities are also more focused on social sustainability rather than economic sustainability impacts.
Moving to ecosystems and networks, these larger scale initiatives seem almost always to achieve much bigger impacts than smaller scale initiatives. However, ecosystems outperform networks in terms of the peer and collaborative behavior pillar as well as in social sustainability and economic sustainability, perhaps because they consist of well functioning local or regional clusters of complementary and diverse actors. Networks, however, outperform ecosystems in terms of the organization and governance pillar and environmental sustainability, possibly because they sometimes have an even large scale and much learning between similar initiatives given the need to challenge many more incumbents, infrastructures and norms than the peer and collaborative behavior pillar, or social and economic sustainability, at least in the early stages of maker development. Even though ecosystems are not necessarily at the largest potential scale, they can be thought of as exhibiting the most intricate, comprehensive and developed set of relationships between different, but complementary, actors at a relatively large scale. Such relationships are typically at the heart of an innovative milieu. When successful, ecosystems are therefore likely to be very ambitious and to see all ambitions as highly relevant.
Many of the observations concerning ecosystems also hold, though to a slightly lesser extent, for networks, which are likely to be less developed than ecosystems but at a larger scale. It is also relevant to note that the two largest scales of ecosystems and networks tend to be more "all-round" in their use of technology, which again is perhaps not surprising as they involve many more actors and are generally more complex and comprehensive in the range of their activities.
The overall conclusion regarding the scale of maker initiatives is that the scale differentiation proposed in Figure 4 is strongly supported empirically, and that large scales almost always do better in terms of ambition, achievement and relevance than smaller scales. The largest scales also have the smallest gaps between achievements and ambitions given they are generally more successful. Scales thus provide a robust and empirically valid framework for analysis.
Thus, to maximise the successful operation and impacts of maker initiatives, it is clear that ecosystems and networks, both formal and informal, should be supported by policymakers and strategies at different levels and sectors. This does not mean that the smaller scales are not important nor valuable, as they provide good routes into making and can achieve much on their own, but encouraging and linking them towards greater and larger scale awareness and cooperation can provide win-wins all round.
Development of the Maker Movement
As highlighted in this discussion, the current status of maker development seems still to be at an early stage with a lot of enthusiastic and innovative activity. They are just starting to make significant progress on more formal internal organization and management and becoming embedded in wider governance and institutional contexts, whilst having important, though not yet large scale, social, economic and environmental sustainability impacts on wider society. Given this, it is important that policy focuses on nurturing the maker movement to help it better achieve its potential across the wide spectrum of social, cultural, economic and environmental sustainability benefits it can clearly deliver. The increasingly important links with mainstream industry, as much of this moves towards distributed manufacturing business models, is also extremely important.
It is also quite clear from the discussion above that, like gender, scale is a very important determinant of the success and sustainability impacts maker initiatives are likely to have. The maker movement started in garages, basements and workshops, set up "maker-spaces", joined and often became indistinguishable from "hacker-spaces" and formed communities on the web. They have become platforms for learning, sharing and collaboration. Many observers thus point to the social sustainability of making, increasing the social cohesion, inclusion, wellbeing, and quality of life of those it engages. They see its potential to change behaviors towards more sustainable lifestyles. At the same time, they see possibilities for transformations in economic sustainability through new skills and jobs, innovations in products, materials and business models, for example where digital designs for physical products are shared and then used or extended by third parties. This culture of experimentation is a powerful driver for innovations leading to social, economic and environmental sustainability [1, 2, 7, 11, 20] . Typically, products go through several design iterations reusing local material feedstocks, each adding new features which better suit specific needs as makers increase their understanding of the communities they work with. For example, a basic water purifier using solar energy that can be adapted with reusable parts made of biologically degradable materials to cater for wear and tear [19, 21] .
The most prominent current manifestation of the maker movement are Fab Labs which have emerged as spaces for democratizing digital fabrication. Here people learn how to design and make with tools and machines that work with the interactions of ICT, physical and biological processes and materials [22] . The maker movement and the Fab Lab network is now being envisaged and extended at city scale and networked globally for the purpose of ensuring that Industry 4.0 will be efficient, effective, as well as socially and environmentally sustainable. According to the Fab City whitepaper [23] , cities should rapidly move towards being locally productive and self-sufficient whilst globally connected. (See Figure 21) The 18 members of the global Fab City network are committed to moving from the current linear industrial production model, which imports raw materials and products and exports waste and pollution, towards a spiral innovation ecosystem in which energy and materials flow locally within cities, whilst information and data (including on how things are made) circulate globally.
It is claimed that merging the bottom-up maker movement with distributed manufacturing at a larger scale will result in value and supply chains moving away from centralized mass production towards decentralized distributed manufacturing and mass customization [1] [2] [3] [4] . This would profoundly impact the future of manufacturing and our physical world, as well as of work, behavior, local and city development, not to mention global politics. Perhaps of even greater significance will be the potential impact on the environment and sustainability more generally. If in the future the only economically traded commodities over large distances consist of (i) talent (high caliber skilled people), (ii) raw materials and energy inputs in cases where their occurrences are still geographically fixed, and (iii) digital algorithms, this will have a hugely beneficial environmental impact as the number of physical goods transported over even medium distances shrinks. The social, economic and environmentally sustainable potential of making is thus of strategic importance.
There is also clear and important potential for maker initiatives, particularly when linking with larger scale industry, to make significant contributions to promoting and fully exploiting the sustainability benefits of the circular economy. While there are about 114 different definitions of circular economy [24] , there is agreement that the term means to reduce, reuse and recycle the resources in the process of production, transportation and consumption. The circular economy is perceived in contrast to the linear and prevailing model of "take, make and dispose" associated with creating huge amounts of waste. According to Ghisellini et al., there are three main implementation levels of the circular economy: the macro city level, the meso eco-industrial parks level, and the micro single company level [25] . In light of the Fab City discussion, to this could perhaps be added a super-macro level above cities, i.e., regionally, nationally and globally across borders. Evidence for this comes from Bragdon [26] , as it is clear that, at least at this stage of development, the most successful circular economy examples are multi-national companies like Unilver simply because they cover so many different sectors ranging across countries that they are able to use the "waste" from one sector as an input to a completely different sector. Thus their circular economy maneuverability is much greater. Single city or single sector circular economies, although very important, tend to be somewhat constrained because they have fewer options for inputting their "waste" elsewhere. Maximizing synergies and links between different sectors is clearly the way to go to optimize the benefits of the circular economy.
The maker movement, which as outlined above started bottom-up at a small scale but is now having its greatest sustainability impacts at ever larger scales (described above in terms of ecosystems and networks), is starting to impact the industrial scales through Fab Cities and similar developments.
Its implications are prominent in the European Commission's Factory 4.0 policy (https://ec.europa. eu/digital-single-market/en/blog/factories-40-future-european-manufacturing) as well as in parallel national initiatives in Germany and Denmark [4] . It is also being driven by industry itself (as explained by Olivier Scalabre, a member of The Boston Consulting Group's Industrial Goods practice, focusing on the shift from centralized to distributed manufacturing in multiple sectors, such as railway, energy and utility, consumer electronics, and automotive: https://www.bcg.com/en-nor/about/people/experts/ olivier-scalabre.aspx), and not least by the World Economic Forum's strategic research, analysis and policy proposals [6] .
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Conclusions
The jury is out on whether the maker movement will be midwife to the next industrial revolution by moving from centralized to decentralized distributed manufacturing, as claimed for example by Anderson [1] and by Olivier Scalabre more recently (See above). The World Economic Forum itself is, however, presenting a range of views. On the one hand, it argues that indeed the scaling up of the maker movement, for example by becoming part of Fab City ecosystems, is leading 
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